Development and growth of V1 begins during embryogenesis and continues postnatally. The growth of V1 has direct implications on the organization of features such as the retinotopic map and the pattern of visual cortical columns. We have examined the postnatal growth and two-dimensional shape of V1 in macaque monkeys, cats, and rats. The perimeter, area, and anterior-posterior length of V1 were measured from unfolded and flattened sections from neonatal and adult animals from each of these species. Although there were substantial differences in the overall amount of postnatal growth, from 18% in macaque monkeys to more than 100% in cats, in all three species the shape of V1 did not change during development. Thus, growth of the mammalian visual cortex is well described as an isotropic expansion, so the layout of the global features, such as the arrangement of ocular dominance columns and the retinotopic map, does not need to change during development. Furthermore, quantification of the shape confirms the observations that there is a similar, egg-like oval shape to the visual cortex of these mammalian species.
Introduction
The first stages in the development of the visual cortex begin prenatally when the neurons that will eventually form V1 migrate from the ventricular zone to take up their position at the posterior aspect of the developing cortical plate. During this period, the two-dimensional (2D) size, shape, and organization of the mammalian visual cortex begin to emerge. Cortical growth and the refinement of connections continue into postnatal development. For example, the weight of both rodent and human brains grow by a factor of about 4 during postnatal life (Pakkenberg & Voigt, 1964; Dekaban & Sadowsky, 1978; Pomeroy et al., 1990; Riddle et al., 1992) . In the mammalian visual cortex, growth of the cortical surface area has direct implications for the arrangement of cortical columns, patchy horizontal connections, the retinotopic map, and the visual abilities that are dependent upon that organization. We therefore set out to quantify changes in the size and shape of V1 during postnatal development.
The 2D shape of V1 in both adult macaque monkeys and cats is ovate with approximately a 2:1 length-to-width ratio (LeVay et al., 1985; Anderson et al., 1988) . It is not known, however, if the shape of the visual cortex is conserved throughout postnatal development (isotropic growth). In the rodent somatosensory cortex, the barrel-like structures have been shown to grow more than the intervening cortex resulting in anisotropic growth of this area (Riddle et al., 1992) . A similar suggestion has also been made for the postnatal maturation of macaque visual cortex (Blasdel et al., 1995) . If growth of the visual cortex is anisotropic then the arrangement of columns, the pattern of horizontal connections, and the layout of the retinotopic map as defined by the lines of elevation and azimuth, will change during development. This means that an area in visual space initially represented within a square of developing visual cortex would later be represented within a rectangle (for example) of visual cortex in the adult.
Computational modeling has shown that the 2D pattern of ocular dominance columns in macaque and cat is influenced by the shape of the visual cortex (Jones et al., 1991) . Significant changes in the shape of the visual cortex during development would therefore be expected to lead to changes in the 2D pattern of ocular dominance columns. The recent demonstration of an adult-like ocular dominance pattern in the newborn macaque (Horton & Hocking, 1996a ) raises questions about how the visual cortex grows and the applicability of computational models relating to cortical organization.
We measured the surface area and 2D shape of V1 in three of the most frequently studied mammalian species (rat, cat, and macaque monkey), at ages ranging from newborn to adult, in order to quantify the postnatal growth of V1. For all three species there was substantial postnatal growth of V1. We also measured several aspects of the shape of V1 and found that all three species share a roughly oval shape and that the shape did not change significantly during development. A portion of these data have been presented previously Jones et al., 1997) .
Methods

Animals
The size and shape of V1 was examined in unfolded and flattened sections in 15 hemispheres from eight macaque monkeys (either newborn or adult) from our lab or Horton and Hocking (1996a,b) (Table 1) , 33 hemispheres from 24 cats (ranging from 1 week of age to adult; Table 2 ), and 21 hemispheres from 16 rats (ranging in age from postnatal day 11 to adult; Table 3 ).
Visualization of cat, rat, and macaque V1
The visual cortex of cats and rats was visualized using one of the monoclonal antibodies, CAT-301 or SMI-32, that label distinct patterns of neurons in V1. SMI-32 is an antibody to the nonphosphorylated epitope of neurofilament-H that labels the cell body and dendritic processes of large pyramidal neurons in layers II0III, V, and VI (Hof & Morrison, 1995) . The CAT-301 antibody selectively recognizes a proteoglycan on the surface of a class of large Y-like neurons in the central visual pathway (Hockfield & McKay, 1983 , Hockfield & Sur, 1990 . These labels were selected rather than enzymatic labels because they stain features intrinsic to the cortex and for SMI-32 the staining is apparent prior to the maturation of geniculocortical afferents.
Animals were euthanized (sodium pentobarbital, 165 mg0kg) and then perfused transcardially with 0.1 M phosphate buffered saline (PBS; 48C, pH 7.4, 80-100 ml0min) until circulating fluid was clear, followed by 4 min of fixation with 2% paraformaldehyde in 0.1 M PBS (48C). The brain was removed from the cranium and the cerebral hemispheres were resected and unfolded and flattened following procedures described previously (Olavarria & Van Sluyters, 1985a ,b, Murphy et al., 1995 with the modification that paraformaldehyde was used for fixation. Subsequent to flattening, the cortex was placed between glass slides and postfixed with 2% paraformaldehyde and 30% sucrose in PBS (48C) for Horton and Hocking (1996a) . b Horton and Hocking (1996b) . 30 min. The tissue was then removed from between the glass slides and allowed to free float for 6 h, then transferred to 30% sucrose in PBS (48C) and stored overnight. The fixation protocol produced tissue that was appropriately fixed to maintain the cytostructure of the cortex while not compromising the immunoreactivity of the tissue. Sections were cut tangential to the pial surface (50 mm) on a freezing microtome and collected in either 1.5 Tris buffer for SMI-32 or phosphate buffer for CAT-301 immunohistochemistry. Sections for SMI-32 immunohistochemistry were preincubated in 1.5 Tris, 0.1% Triton-X-100, and 3% normal goat serum then incubated, free floating, in primary SMI-32 antibody (1:1000 SMI-32, 1.5 Tris, 0.1% Triton-X-100, 3% normal goat serum) for 16 h at room temperature with continuous agitation. Immunoreactivity was visualized through the avidin-biotin process using Vectastain ABC kits (Vector Laboratories, Burlingame, CA) and chromagen 3,39-diaminobensidine (DAB) with peroxide. CAT-301 immunohistochemistry followed the preincubation and incubation procedures described in Hockfield and McKay (1983) with the following modification. Immunoreactivity was visualized through the avidin-biotin process using Vectastain ABC kits (Vector Laboratories, Bulingame, CA) and chromagen DAB with glucose oxidase. All sections were mounted on gelatin-coated glass slides, permitted to air dry, then coverslipped with DPX (Aldrich, Milwaukee, WI) following dehydration and defatting. All of the histological processing adhered strictly to these protocols to minimize differential shrinkage between sections.
Neonatal and adult macaque V1 was visualized using the procedures detailed in Horton and Hocking (1996a,b) , except for macaque JP2 which was processed using the following procedure. Unfolded and flattened V1 was sectioned on a freezing microtome tangential to the pial surface at a thickness of 50 mm. Cut sections were collected in 0.1 M phosphate buffer for cytochrome oxidase (CO) histochemistry and then mounted on gelatin-coated glass slides. Sections were reacted for 4-7 h at 408C following the standard CO histochemical procedure (Wong-Riley, 1979; Horton, 1984) .
Measurement and analysis of V1
Computer images of the stained, flat sections of rat and cat V1 were obtained using one of two procedures. Photomicrographs were taken on a large-format, low-magnification macrophotography system then either transferred onto photoCD (Eastman Kodak, Rochester, NY) or scanned using a high-resolution slide scanner (SprintScan 35 Plus, Polarid, Cambridge, MA). Some SMI-32 and CAT-301 stained sections from flattened cat visual cortex were scanned directly on a high-resolution flatbed scanner (Agfa Arcus II, Agfa, Germany). Images of macaque monkey V1 were either scanned from published figures (Horton & Hocking, 1996a,b) , or scanned from slides using a high-resolution slide scanner. All of the images were imported in Photoshop (Adobe Inc, San Jose, CA) and the contrast was adjusted to optimize the difference between the staining pattern in V1 and the surrounding areas. The border of V1 in both cats and rats was readily visualized in the immunostained sections because of the large difference in the staining patterns and intensity. For the images of macaque V1, the border was identified by the abrupt end to either the pattern of ocular dominance bands or CO blobs. The 2D outline of V1 was traced onto a digital overlay from which the surface area, perimeter, and anterior-posterior length were measured using the software NIH Image (NIH, Bethesda, MD).
Two metrics of 2D shape, the relationship of the perimetersquared to the surface area of V1, and the relationship of the perimeter to the anterior-posterior length of V1 were calculated. The first metric was used to determine whether one shape can account for all of the data. A linear relationship between the perimeter-squared of V1 and the surface area of V1 for a group of animals suggests that they share a common shape, while a nonlinear relationship suggests that as the area increases there is a change in shape. By itself, this metric captures only one aspect of the shape of V1, therefore we included a second analysis. This second metric, when compared to a theoretical shape (e.g. an ellipse), provides a measure to determine the deviation of the shape of V1 from the theoretical shape. For example, if for a given anteriorposterior length the perimeter of V1 is longer than the perimeter of the ellipse with the same anterior-posterior length, then this indicates that the shape of V1 deviates from a perfect 2D ellipse and suggests the shape is more ovate. All of these measures of V1 allowed a comparison of the postnatal growth and 2D shape of V1 within and between the three species studied.
Results
The borders of the macaque, cat, and rat visual cortex were readily identified by the distinctive staining patterns of the anatomical markers. The boundary of neonatal and adult macaque monkey visual cortex was visualized in sections from unfolded and flattened cortex labeled to reveal the pattern of either ocular dominance columns in layer IV or CO blobs in layers II0III. These two patterns are in radial alignment, even in neonates (Horton & Hocking, 1996a) and are unique to V1 providing a clear outline of its borders and delimiting the ovate shape of macaque V1 (Fig. 1A) . While the borders of V1 in the adult cat can be identified in this manner, they are not readily apparent until 4-5 weeks after birth (LeVay et al., 1978) . Thus, another marker, the pattern of large pyramidal cells, was used to identify the borders of the visual (Figs. 1B and 1C) . Tangential sections from unfolded and flattened cat visual cortex were labeled with one of two antibodies (SMI-32 or CAT-301) that preferentially labels a subset of pyramidal cells in V1. These markers were selected because of the consistent difference in the size of pyramidal neurons in V1 versus the surrounding areas including the V10V2 border which was readily apparent in layers II0III, V, and VI of radially cut sections. The tangential patterns of SMI-32 (Fig. 1B) and CAT-301 (Fig. 1C) staining in V1 have a mottled, patchy appearance while V2 staining is darker with little evidence of patchiness thereby allowing for the identification of the borders of V1. This pattern of immunostaining was apparent even in very young kittens (less than 4 weeks) where the 2D pattern of SMI-32 immunostaining in layers V and VI provided ready identification of V1. Rat V1 does not have the columnar features found in the macaque or cat, however, it does possess a greater number of SMI-32 immunopositive large pyramidal neurons than the surrounding cortical areas (Fig. 1D) . As a consequence, the tangential extent of rat visual cortex was identified in neonatal and adult rats by localizing the ovate region of characteristically dark SMI-32 immunostaining at the posterior pole of the hemisphere.
Postnatal Growth
The surface area of the visual cortex increased substantially during postnatal development of all three species; however, there were interspecies differences in the amount of areal growth (Fig. 2) (Fig. 3A) . This represents an average increase of 18% in the area of V1. These measurements of V1 growth are in good agreement with the estimates from a previous report (Purves & LaMantia, 1993) . The anterior-posterior length of macaque V1 increased approximately 5% from an average of 51.1 mm (s.d. ϭ 0.59 mm) in the newborn to an adult average of 53.7 mm (s.d. ϭ 1.65 mm).
The areal extent of adult cat V1 was more than twice that of neonatal (1 week old) kitten (Fig. 3B) . At the earliest age studied, 1 week, the average surface area was 169 mm 2 (s.d. ϭ 31 mm 2 ) and in adults V1 was an average of 392 mm 2 (s.d. ϭ 55 mm 2 ). There was a rapid change in surface area between 1 and 6 weeks of age, accounting for 84% of the total postnatal growth of V1. This is equivalent to an average areal growth of 31 mm 2 per week during this period in kitten development. By 12 weeks of age the Fig. 1 . The full extent of V1 (arrows) is revealed and identified in macaque by CO staining (A), in cat by SMI-32 (B) or CAT-301 (C) labelling, and in rat by SMI-32 labelling (D). The 2D extent of V1 in some animals was visualized using other anatomical markers (see Methods). Scale bars ϭ 5 mm (A-C) and 2.5 mm (D). Fig. 2 . The 2D shape of V1 is remarkably consistent throughout development and across the three species studied despite the substantial differences in size and overall growth. Outlines of the 2D extent of V1 taken from a newborn (A) and adult macaque(B); a 1-week-old (C) and adult cat (D); and a 11-day-old (E) and adult rat (F). Scale bars ϭ 5 mm (A-D) and 2.5 mm (E,F). areal extent of V1 had reached adult proportions that were in good agreement with previous estimates for adult cat V1 (Tusa et al., 1978; Van Essen & Maunsell, 1980; Olavarria & Van Sluyters, 1985a; Anderson et al., 1988) . There was also substantial increase in the anterior-posterior length of cat V1 from 28 mm (s.d. ϭ 4.0 mm) at 1 week of age to 40 mm (s.d. ϭ 2.5 mm) in the adult.
Throughout postnatal development in the rat there was a steady increase in the surface area of V1 from an average of 6.15 mm 2 (s.d. ϭ 0.44 mm 2 ) at postnatal day 11 to an average of 11.22 mm 2 (s.d. ϭ 1.39 mm 2 ) in adult rats (Fig. 3C ). This growth represents an 82% increase in the surface area of rat V1. The anteriorposterior length of rat V1 increased from an average of 3.47 mm (s.d. ϭ 0.36 mm) on postnatal day 11 to an average of 4.82 mm (s.d. ϭ 0.45 mm) in adult rats.
Shape analysis
The 2D shape of V1 in macaque monkey, cat, and rat was quantified by determining the relationship between the perimetersquared of V1 and the area of V1. Plotting the perimeter-squared versus the area of V1 for both newborn and adult macaques showed a consistent relationship between these measurements ( Fig. 4A ; solid line, r ϭ 0.91). This indicated that the shape of V1 was constant over the range of V1 sizes. To characterize the shape of V1, the ellipse that best fits the perimeter-squared to area relationship was calculated. For monkey V1, the ellipse of best-fit had an aspect ratio of 2.35:1 (dashed line in Fig. 4A ) and well approximated the data (r 2 ϭ 0.83). To examine whether the shape of newborn and adult macaque V1 was similar, the ratio of perimetersquared to area was plotted for those ages (Fig. 4B) . Comparison of this shape metric between newborn and adult macaques showed that these two groups were not significantly different (P Ͼ 0.05), indicating that the 2D shape of macaque V1 was maintained from newborns to adults.
Analysis of the 2D shape of cat visual cortex also showed a strong relationship between the perimeter-squared and the area of V1 ( Fig. 4C ; solid line, r ϭ 0.91). This suggested that the shape of cat V1 did not change as the size of V1 varied. The ellipse of best-fit for the relationship of perimeter-squared to area for cat V1 (r 2 ϭ 0.82) had an aspect ratio of 2.55:1 (dashed line in Fig. 4C ). The shape of V1 was studied further by plotting the ratio of perimeter-squared to area, a unit-less metric of shape, and comparing this ratio between kittens and adult cats. There was no significant difference (P Ͼ 0.05) between kitten and adult cat in this metric of the 2D shape of V1 (Fig. 4D) . Therefore, like the macaque, this measurement of the 2D shape of cat V1 did not change during postnatal development.
There was a strong relationship between the perimeter-squared and the area of rat visual cortex ( Fig. 4E ; solid line, r ϭ 0.98) suggesting that the 2D shape of rat V1 was consistent for the range of areal sizes. This relationship was well described by the ellipse of best-fit (dashed line in Fig. 4E ; r 2 ϭ 0.96) which had an aspect ratio of 2.00:1. Further analysis of the 2D shape of rat visual cortex showed that the relationship between perimeter-squared and area was constant for the ages studied, indicating that the shape of V1 was similar across ages (Fig. 4F) .
In all three species studied, the shape of V1 deviates from a perfect ellipse, with the anterior pole more pointed relative to the blunt posterior aspect of V1 (Figs. 1 and 2) . The relationship of the perimeter to the anterior-posterior length of V1 provides a second shape metric that quantifies both the deviation from the ellipse of best-fit and provides a measure of the degree of intrinsic curvature in the sheet of cortical tissue. For example, when V1 has more perimeter relative to the ellipse of best-fit for a given anteriorposterior length, this indicates that the shape of V1 is more similar to an egg-like oval. In the opposite situation, less perimeter than the ellipse of best-fit for a given anterior-posterior length, the visual cortex must bulge out of the 2D plane and exhibit intrinsic curvature.
Analysis of the shape of macaque V1 using the second metric, the ratio of perimeter to anterior-posterior length, showed a consistent relationship for all of the hemispheres studied ( Fig. 5A ; solid line, r ϭ 0.80); however, it differed from the ellipse of best-fit (dashed line in Figs. 5A and 5B). The perimeter of macaque V1 was consistently longer than the perimeter of the ellipse of best-fit which is in agreement with the observation that the 2D shape of macaque V1 is ovate (Fig. 1A) . The relationship between the 4 . Graphs on the left compare perimeter-squared and surface area of V1 in macaque (A), cat (C), and rat (E), measured in both young animals (solid circles) and adults (open circles). The line of best-fit to the data (solid line) illustrates that the ratio of perimeter-squared to surface area remains relatively constant, despite considerable growth. The dashed line illustrates that the data are well approximated by assuming V1 is elliptical (aspect ratio indicated by arrow). Graphs on the right compare the ratio of perimetersquared to area between young (solid circles) and adult animals (open circles) for macaques (B), cats (D), and rats (F). The dashed line indicates the constant ratio associated with the best-fitting ellipse. Shaded circles represent the mean for each age group, error bars represent 1 s.d. Fig. 5 . Graphs on the left compare perimeter and anterior-posterior length of V1 in macaque (A), cat (C), and rat (E), measured in both young animals (solid circles) and adults (open circles). The line of best-fit to the data (solid line) shows that the ratio of perimeter to anterior-posterior length remains relatively constant, indicating that shape is conserved despite considerable growth. Graphs on the right compare the ratio of perimeter to anterior-posterior length between young (solid circles) and adult (open circles) macaques (B), cats (D), and rats (F). In both sets of graphs, the dashed line indicates the ratio of perimeter to anterior-posterior length for the best-fitting ellipse (see Fig. 4) . In all cases, data points lying above the dashed line (A,B,E,F) indicate greater perimeter than expected for a precise ellipse, and are consistent with a flat, ovoid shape that is more pointed at one end. Data points lying below the dashed line (C,D) indicate less perimeter than expected for the best-fitting ellipse, which is not accounted for by any deviation in a flat shape, but which is consistent with there being intrinsic curvature.
perimeter and anterior-posterior length for newborn and adult macaques (Fig. 5B) was not statistically different (P Ͼ 0.05) suggesting that the ovate shape of V1 did not change during postnatal development.
There was also a clear relationship between the perimeter and anterior-posterior length of cat visual cortex ( Fig. 5C ; solid line, r ϭ 0.91). This relationship differed from that of the ellipse of best-fit, however, in the opposite direction from that found for macaques. The perimeter of cat V1 was shorter than that of the ellipse of best-fit (dashed line in Figs. 5C and 5D ), in spite of the fact that its 2D shape was qualitatively similar to the macaque (compare Figs. 1A and 1B0C) . The relatively shorter perimeter of V1 is consistent with an overall intrinsic curvature to cat V1. Comparison of the ratio of perimeter to anterior-posterior length across the different ages (Fig. 5D) showed no significant difference (P Ͼ 0.05), indicating that there was a constant degree of intrinsic curvature in both kitten and adult cat V1.
Analysis of the measurements from rat visual cortex demonstrated a constant ratio of perimeter to anterior-posterior length ( Fig. 5E ; solid line, r ϭ 0.92). Like the macaque, the perimeter of the rat visual cortex was consistently longer than the perimeter of the ellipse of best-fit (dashed line in Figs. 5E and 5F). This was consistent with the qualitative observation of an ovate shape to rat V1 (Fig. 1D ). There was no significant difference (P Ͼ 0.05) between neonatal and adult rat V1 in this shape metric (Fig. 5F ), indicating that the planar ovate shape of rat V1 did not change during development.
Discussion
This paper presents the first comprehensive analysis of the size and shape of visual cortex in macaque monkey, cat, and rat, from shortly after birth to adulthood. In all three species, there is considerable postnatal growth of the visual cortex, yet the overall shape remains essentially unchanged, suggesting that growth of V1 is a simple uniform expansion. There is, however, a difference in the amount of areal growth observed in these species. The larger amount of postnatal growth for rat and cat V1 may simply be a consequence of their relative immaturity of cortical development at birth compared to the macaque. Despite the differences in amount of postnatal growth of V1 and in the organization of the retinogeniculo-cortical pathways, the 2D shape of V1 was conserved throughout postnatal development and across these mammalian species.
The areal growth of V1 reported here is in good agreement with the limited results available from previous studies (e.g. Purves & LaMantia, 1993) . Estimates of the area of visual cortex in adult cats and rats, for example, determined by the laborious task of serial reconstruction of coronal sections (Tusa et al., 1978; Van Essen & Maunsell, 1980; Peters et al., 1985) or in unfolded preparations (Olavarria & Van Sluyters, 1985a; Olavarria et al., 1987; Anderson et al., 1988) lie within the range of areas measured. Each of the three species studied showed substantial increases in the size of V1 during postnatal maturation, from 18% increase in macaques to more than 100% increase in cats. The rate of growth of an individual animal, however, must be interpreted cautiously from the group data. For example, it is not possible to say that the smallest neonatal V1 will be the smallest adult V1. Yet the variances were small suggesting that the pattern of individual growth is captured by the average growth of the group. In addition, the differences in overall amount of postnatal growth while probably a result of differences in maturity at the time of birth provides an opportunity to address whether the conservation of the shape of V1 throughout development holds for both small and large amounts of postnatal growth. It may not be surprising that with a relatively small amount of postnatal growth the shape of macaque monkey V1 does not change, however, this conservation of shape was also found for the cat which had more than 100% areal postnatal growth of V1. This finding further strengthens the generality of the notion that the growth of V1 is well described as an isotropic expansion.
We have also quantified the ovate shape of visual cortex that had been qualitatively described in previous studies (LeVay et al., 1985; Olavarria et al., 1987; Anderson et al., 1988) . In all three species, V1 deviates from a perfect ellipse and has a similar egglike oval shape that is slightly more than twice as long as it is wide. The anterior pole of V1 appears more pointed than the posterior pole, although this feature of the shape of V1 was not quantified. The similarity in the shape of V1 between these three species is interesting in light of the different cortical organization-the rat that does not have ocular dominance columns-and suggests that the presence of cortical columns do not exert a strong influence on the overall shape of V1. The shape analyses demonstrated that there is an overall intrinsic curvature to cat V1, giving it a shape similar to the inverted hull of a ship. This shape arises because V1 in the cat wraps from the dorsal surface onto both the medial and posterior surfaces of the hemisphere, resulting in an overall bulged oval shape. This finding highlights the need to make a cut in the tissue to relieve this intrinsic curvature, thereby rendering a distortion-free flattened V1 and avoiding stretching of the tissue.
Our measures of V1 reflect its overall shape and clearly demonstrate that overall growth of V1 is well described as an isotropic expansion, however, these measurements cannot rule out the possibility of local discontinuities in the growth of V1. Although locally anisotropic growth is possible, it would necessitate a very complex pattern to balance out all of the discontinuities so that the overall growth of V1 is isotropic. It is also possible that the growth of V1 in individual animals is not uniform, with V1 of some animals growing to be more rounded and others growing more elongated. The very small variances in the shape metrics makes this an unlikely possibility and instead suggests that individual growth is close to isotropic. These results raise the possibility that mechanisms other than growth contribute to the formation of anisotropic features, such as the arrangement of horizontal connections (Gilbert & Wiesel, 1983; Callaway & Katz, 1990) .
The absence of reliable, quantitative data on the time course of cortical growth has been an obstacle to making reasonable comparisons between the spacing of patchy and columnar features in young and adult animals. This is especially true for transient features during development, such as the patchy distribution of the NMDAR1 subunit found in kitten V1 (Murphy et al., 1996) . The growth data provide the critical scale factor necessary to relate measurements in young animals to spacing in the adult. For example, the 58% increase in the area of cat V1 between 4 weeks of age and adulthood translates to 26% increase in linear measurements. Thus, changes in the spacing of a feature, such as ocular dominance columns, during development can be appropriately scaled to account for the overall growth of V1 and not inadvertently ascribed to other developmental processes.
Growth of visual cortex during the critical period, when various aspects of cortical columns are being refined and elaborated, raises questions about the role that growth may play in column development. Our finding that postnatal growth of V1 is well described by simple uniform expansion suggests that the 2D organization of visual cortical features, such as cortical columns, patchy horizontal connections, and the retinotopic map, will remain stable throughout postnatal development. For the retinotopic organization of V1 this means that the relationship between neighboring points in visual space will remain unchanged in the cortical map throughout postnatal growth. Previous studies, however, have suggested that certain properties of the developing cortical organization may arise from anisotropic growth. For example, Blasdel et al. (1995) inferred from comparison of ocular dominance columns widths with measurements of V1 made by Purves and LaMantia (1993) that growth of macaque V1 is anisotropic and as such would influence the pattern of ocular dominance and orientation columns. This conclusion is at odds with the present results and the demonstration that the overall pattern of ocular dominance columns in neonatal macaques is adult-like (Horton & Hocking, 1996a) . Instead, the conservation of the overall shape of V1 during development and the adult-like pattern of ocular dominance columns in newborns are consistent with the Jones et al. (1991) model of the 2D pattern of ocular dominance columns. Although there have been many computational models exploring the contributions of local features to the development of cortical columns (Miller, 1994) , few have explored the features that contribute to the global pattern of these columns. A computational model by Jones et al. (1991) , based in part on the 2D shape of visual cortex, accurately predicts the overall pattern of ocular dominance columns observed in both macaque monkey and cat V1. When this model is applied to the development of visual cortical columns, it predicts that where the shape of V1 is conserved and merely expands, the optimal patterns will be unchanged. This notion is supported by recent findings that the ocular dominance pattern in newborn macaques is already adult-like (Horton & Hocking, 1996a) and that the orientation map in young ferrets is also similar to those found in the adult (Chapman et al., 1996) .
It is intriguing that despite the many millions of years of divergent evolution separating rats, cats, and macaque monkeys, the 2D shape of V1 has been conserved across these species. Furthermore, each of these species undergo different events during the postnatal maturation of V1 and, yet, in all three species growth of V1 is isotropic. Perhaps a clearer understanding of the mechanisms that specify the overall shape of V1 and other cortical areas can be derived from further comparative studies.
